Objective: Non-steroidal anti-inflammatory drugs such as ibuprofen have a protective role on risk of Alzheimer's disease (AD). Here we evaluated the hypothesis that long-term ibuprofen treatment affects cortical sources of resting electroencephalographic (EEG) rhythms in mild AD patients. Methods: Twenty-three AD patients (13 treated AD IBUPROFEN; 10 untreated AD PLACEBO) were enrolled. Resting EEG data were recorded before and 1 year after the ibuprofen/placebo treatment. EEG rhythms were delta (2-4 Hz), theta (4-8 Hz), alpha 1 (8-10.5 Hz), alpha 2 (10.5-13 Hz), beta 1 (13-20 Hz), and beta 2 (20-30 Hz). LORETA was used for EEG source analysis. Results: In the AD PLACEBO group, amplitude of delta sources was globally greater at follow-up than baseline. Instead, amplitude of delta sources remained stable or decreased in the majority of the AD IBU-PROFEN patients. Clinical (CDR) but not global cognitive status (MMSE) reflected EEG results. Conclusions: These results suggest that in mild AD patients, a long-term ibuprofen treatment slightly slows down the progressive increment of delta rhythms as a sign of contrast against the neurodegenerative processes. Significance: They motivate future investigations with larger population and extended neuropsychological testing, to study the relationships among ibuprofen treatment, delta cortical sources, and higher order functions.
Introduction
Quantitative analysis of electroencephalographic (EEG) rhythms in awakening subjects at rest (eyes closed) is a low-cost, easy to perform, and widely available neurophysiological approach to the study of Alzheimer disease (AD; Maurer and Dierks, 1992; Szelies et al., 1992; Leuchter et al., 1993; Schreiter-Gasser et al., 1993; see Rossini et al., 2007 for a review) . When compared to normal elderly subjects (Nold), AD patients were characterized by excessive delta (0-4 Hz) and theta (4-7 Hz) rhythms, and a significant decrement of posterior alpha rhythms (8-12 Hz; Dierks et al., 1993 Dierks et al., , 2000 Huang et al., 2000; Ponomareva et al., 2003; Jeong, 2004; Babiloni et al., 2004 Babiloni et al., 2006a ,b,c,d,e,f, Babiloni et al., 2007a ,b,c, 2008 . These EEG abnormalities were associated with altered regional cerebral blood flow (rCBF)/metabolism and with neuropsychological battery, including those for global cognitive function as evaluated by mini mental state examination (MMSE; Sloan et al., 1995; Rodriguez et al., 1998 Rodriguez et al., , 1999 Jeong, 2004) .
Resting EEG rhythms in AD patients are sensitive to the effects of symptomatic pharmacological treatment with acetylcholinesterase inhibitors (AChEI). In particular, short-term AChEI treatment has induced decrement of theta power (Brassen and Adler, 2003) , increment of alpha power (Onofrj et al., 2003) as well as decrement of alpha and delta power (0-3 Hz) (Reeves et al., 2002) . Instead, long-term AChEI treatment has induced decrement of theta power (Kogan et al., 2001 ) and increment of alpha/theta power ratio, especially in frontal regions (Rodriguez et al., 2002) . Finally, power of posterior alpha sources has been found to be modulated by longterm cholinergic therapy (Donepezil) in AD subjects (Babiloni et al., 2006f) . Those results confirmed the implication of cholinergic systems in the neurodegenerative processes at the basis of AD.
The above findings suggest that resting EEG rhythms might be used as markers of disease progression and surrogate outcome in clinical trials. We have tested this hypothesis in a 1-year randomized clinical trial of ibuprofen, an NSAID with antiamyloidogenic activity. The rationale for the trial lies in AD neurodegenerative processes being affected by chronic inflammatory response in the brain tissue as demonstrated by the presence of activated microglia, proinflammatory mediators, and complement factors around senile plaques (Neuroinflammation Working Group 2000, Akiyama et al., 2000) . This hypothesis is corroborated by several epidemiological investigations suggesting a protective role of non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen on the risk of developing AD (Andersen et al., 1995; Anthony et al., 2000; Broe et al., 2000; Stewart et al., 1997; In 't Veld et al., 1998; Zandi et al., 2002) . Even if the consensus has not been universal (Henderson et al., 1997; Beard et al., 1989; In 't Veld et al., 1998) because of great differences in study design, the bulk of evidence seems to be in favor of a protective role of NSAIDs on AD risk, with a greater risk reduction with longer use of the anti-inflammatory compounds prior to the onset of AD symptoms (Zandi et al., 2002) . The mechanism by which NSAIDs might operate in reducing AD risk is unclear. A small number of NSAIDs, among which are ibuprofen, sulindac sulfite and indomethacin, have been found to exert an antiamyloidogenic activity in vivo and in vitro, a mechanism at least in part independent of COX inhibition (Lim et al., 2000; Weggen et al., 2001 ). However, clinical trials trying to show a beneficial effect of NSAIDs on AD patients have been instead disappointing. Two small pilot trials have shown promising results with indomethacin (Rogers et al., 1993) and diclofenac (Scharf et al., 1999) , but subsequent trials focusing on the attempt to reduce AD progression have failed to show any benefit (Aisen et al., 2003; Reines et al., 2004; Soininen et al., 2007) .
The aim of the present study -as a part of a clinical trial on a wider population (Zanetti et al., 2006 ) -was to evaluate the hypothesis that long-term treatment with ibuprofen affects cortical sources of resting EEG rhythms in mild AD patients, as a neurophysiological reflection of the therapy. A special attention was devoted to the effect of the therapy on the cortical sources of delta rhythms, which are supposed to enhance in magnitude as a function of the functionality of cholinergic basal forebrain neurons projecting to hippocampus and fronto-parietal connections (Ebert and Kirch, 1998; Babiloni et al., 2006f) . The working hypothesis is that anti-inflammatory effects of ibuprofen slow down both neurodegeneration and enhancement of delta sources. Resting EEG data were recorded in mild AD patients before and 1 year after ibuprofen or placebo treatment. Cortical sources of EEG rhythms were studied with the technique called low-resolution brain electromagnetic tomography (LORETA; Pascual-Marqui and Michel, 1994) , successfully used in recent EEG studies on physiological and pathological brain aging (Babiloni et al., 2004 (Babiloni et al., , 2006a (Babiloni et al., ,b,c,d,e,f, 2007a (Babiloni et al., ,b,c, 2008 ; for a review see, Rossini et al., 2007) .
Methods

Subjects and diagnostic criteria
The present EEG study derived from an ancillary physiological branch of a multicentre clinical trial granted by Italian Public Health Ministry (Zanetti et al., 2006) . Financial resources for such an ancillary branch just allowed the EEG experiments in 23 mild AD patients, who were blindly divided to the AD IBUPROFEN group (N = 13) and untreated AD PLACEBO group (N = 10). Furthermore, 24 cognitively normal Nold subjects were recruited to form a control group. All experiments were performed with the informed and overt consent of each participant or caregiver, in line with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the standards established by the Author's Institutional Review Board.
Probable AD was diagnosed according to NINCDS-ADRDA (McKhann et al., 1984) . Patients underwent general medical, neurological and psychiatric assessments and were also rated with a number of standardized diagnostic and severity instruments that included mini mental state evaluation (MMSE; Folstein et al., 1975) , Alzheimer Disease Assessment Scale-cognitive (ADAS-cog Italian version, Fioravanti et al., 1994) , Clinical Dementia Rating Scale (CDR; Hughes et al., 1982) , Clinical Dementia Rating sum of box score (CDR Sum-of-Boxes, Berg et al., 1988) , Geriatric Depression Scale (GDS; Yesavage et al., 1982) , Instrumental Activities of Daily Living scale (IADL; Lawton and Brodie, 1969) , Basic Activities of Daily Living scale (BADL; Katz, 1983) , Neuropsychiatry Inventory (NPI; Cummings et al., 1994) , Beck Depression Inventory (BDI, Katz, 1998) , and State Trait Anxiety Inventory (STAI Y-1, STAI Y-2; Speilberger, 1983) .
Neuroimaging diagnostic procedures (CT or MRI) and complete laboratory analyses were carried out to exclude other causes of progressive or reversible dementias, in order to have a homogenous AD patient sample. The exclusion criteria included, in particular, any evidence of (i) frontotemporal dementia diagnosed according to criteria of Lund and Manchester Groups (1994) ; (ii) vascular dementia as diagnosed according to NINDS-AIREN criteria (Román et al., 1993) ; (iii) extra-pyramidal syndromes; (iv) Parkinson disease; (v) reversible causes of dementias; and (vi) Lewy body dementia according to the criteria by McKeith and colleagues (1999) . The detection of the vascular component in dementia was accounted based on previous theoretical guidelines from our network (Frisoni et al., 1995; Galluzzi et al., 2005) . AD patients were also excluded from the study if any of the following were present: allergy to non-steroidal anti-inflammatory drugs (NSAIDs); active gastritis or peptic ulcerative disease; renal and hepatic insufficiency; active inflammatory, infectious or neoplastic diseases; active COPD; CHF; history of or current alcohol abuse; previous chronic or prolonged use of NSAIDs and corticosteroids; active treatment with anticoagulants, corticosteroids, and COX2 inhibitors. Vitamin E, low-dose aspirin (325 mg/day) and the occasional use of NSAIDs were permitted during the study, though all actual usage was recorded. In addition, patients taking stable doses of SSRI antidepressants, benzodiazepines, and neuroleptics were allowed into the study. To avoid the potentially confounding effects of anticholinesterase medications on the outcomes, all AD patients received a regular dose of Donepezil (Aricept or Memac 5-10 mg) for at least 3 months; other types of AChEI were not allowed. Furthermore, about 20% of the AD patients of both AD PLA-CEBO and AD IBUPROFEN groups took regular doses of SSRI antidepressants, benzodiazepines, and neuroleptics. Of note, Donepezil, benzodiazepines, antidepressant and/or neuroleptics were suspended for about 24 h before EEG recordings. This did not insure a complete washout of the drug, but made it comparable the drug status across the patients. Washed out of the drugs would have required a too long suspension of the drugs with high risks for the patients.
Duration of the ibuprofen or placebo (400 mg twice-daily) administration was 52 weeks (1 year). Once-daily 20 mg esomeprazol (or placebo for the placebo arm) was concurrently administered for GI protection. Tablets of the active drug and the placebo were undistinguishable. Similarly, the gastroprotective agent and the relative placebo were also undistinguishable. Active drug tablets and relative placebos were supplied by Angelini SpA for Ibuprofen, and by Astra-Zeneca Pharmaceuticals for esomeprazole. Each participant received two boxes of study medication in a blister package and two bottles of gastroprotective agent (or placebo) with coded labels at baseline, and at 3-, 6-, 9-month visits, with sufficient medication to cover the 3-month period between follow-ups. At each visit the number of returned tablets was recorded for compliance assessment.
The Nold subjects were recruited mostly among non-consanguineous patients' relatives. All Nold subjects underwent physical and neurological examinations as well as cognitive screening. Subjects affected by chronic systemic illnesses, subjects receiving psychoactive drugs, and subjects with a history of present or previous neurological or psychiatric disease were excluded. All Nold subjects had a GDS score lower than 14 (no depression). Table 1 summarizes demographic and clinical data of the recruited Nold and mild AD subjects. Four ANOVAs using the factor Group (Nold, AD) were computed to evaluate the presence or absence of statistically significant differences between the Nold and AD subjects for age, education, gender, and MMSE. No statistically significant difference for age, education, and gender were found (p > 0.3). As expected, the AN-OVA for the MMSE score showed a statistically significant difference (F(1,45) = 117; p < 0.0001), indicating that the MMSE values were higher in the Nold compared to the AD group. Table 2 reports baseline demographic and clinical data of the mild AD patients, subdivided in the AD IBUPROFEN and AD PLA-CEBO groups. Twelve ANOVAs using the factor Group (AD IBUPRO-FEN and AD PLACEBO) were computed to evaluate the presence or absence of statistically significant differences between the AD IBU-PROFEN and AD PLACEBO groups for age, education, gender, MMSE, CDR, CDR Sum-of-Boxes, GDS, IADL, BADL, NPI, BDI, STAI Y1, STAI Y2 . No statistically significant difference was found (p > 0.05). Of note, age, gender, and education were used as covariates in the statistical evaluation of cortical sources of EEG rhythms, to remove possible slight confounding effects.
EEG recordings
EEG data were recorded by specialized clinical units in the Nold and mild AD subjects at resting state (eyes-closed). The EEG recordings were performed (0.3-70 Hz bandpass) from 19 electrodes positioned according to the International 10-20 System (i.e. Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2). A specific reference electrode was not imposed to the recording clinical units of this study, since preliminary data inspection and LORETA source analysis were carried out after EEG data were re-referenced to a common average reference. To monitor eye movements, the horizontal and vertical electrooculogram (0.3-70 Hz bandpass) was also collected. All data were digitized in continuous recording mode (5 min of EEG; 256 Hz sampling rate). It is noteworthy that the EEG data were recorded before (Recording I) and about after 1 year (Recording II) of ibuprofen or placebo treatment in the mild AD patients. The EEG recordings were performed in the late morning. In order to keep constant the level of vigilance, an experimenter controlled online the subject and the EEG traces. He verbally alerted the subject any time there were signs of behavioral and/or EEG drowsiness.
The recorded EEG data were analyzed and fragmented offline in consecutive epochs of 2 s. The EEG epochs with ocular, muscular, and other types of artifact were preliminary identified by a computerized automatic procedure. The EEG epochs with sporadic blinking artifacts (less than 10% of the total) were corrected by an autoregressive method (Moretti et al., 2003) . Two independent experimenters blind to the diagnosis manually confirmed the EEG segments accepted for further analysis. Of note, a special attention was devoted to avoid the inclusion of EEG segments and individual data sets with EEG signs of drowsiness or pre-sleep stages. Furthermore, the experimenters were blind to the diagnosis of the subjects at the moment of the preliminary EEG data analysis.
Spectral analysis of the EEG data
A digital FFT-based power spectrum analysis (Welch technique, Hanning windowing function, no phase shift) computed power density of the EEG rhythms with 0.5 Hz frequency resolution. The following standard band frequencies were studied: delta (2-4 Hz), theta (4-8 Hz), alpha 1 (8-10.5 Hz), alpha 2 (10.5-13 Hz), beta 1 (13-20 Hz), and beta 2 (20-30 Hz). These band frequencies were chosen averaging those used in previous relevant EEG studies on dementia (Besthorn et al., 1997; Chiaramonti et al., 1997; Jelic et al., 1996; Leuchter et al., 1993; Rodriguez et al., 1999; Babiloni et al., 2004 , Babiloni et al., 2006a ,b,c,d,e, Babiloni et al., 2006f, 2007a . Sharing of a frequency bin by two contiguous bands is a widely accepted procedure (Besthorn et al., 1997 , Cook and Leuchter, 1996 , Holschneider et al., 1999 , Jelic et al., 1996 , Kolev et al., 2002 , Leuchter et al., 1993 , Pucci et al., 1997 . Furthermore, this fits the theoretical consideration that near EEG rhythms may overlap at their frequency borders (Babiloni et al., 2004 (Babiloni et al., , 2006a (Babiloni et al., ,b,c,d,e,f, 2007a (Babiloni et al., ,b,c, 2008 Klimesch, 1996 , 1999 , Klimesch et al., 1997 .
Choice of the fixed EEG bands did not account for individual alpha frequency (IAF) peak, defined as the frequency associated with the strongest EEG power at the extended alpha range (Klimesch, 1999) . However, this should not affect the results, since most of the subjects had IAF peaks within the alpha 1 band (8-10.5 Hz). In particular, mean IAF peak at Recording I was 9.2 Hz (±0.1 stan- 
dard error, SE) in the Nold subjects, 9 Hz (±0.4SE) in the AD IBU-PROFEN subjects, and 9.4 Hz (±0.3SE) in the AD PLACEBO subjects. Moreover, mean IAF peak at Recording II was 8.7 Hz (±0.4SE) in the AD IBUPROFEN subjects and 8.9 Hz (±0.4SE) in the AD PLACEBO subjects. To control for the effect of IAF on the EEG comparisons, the IAF peak was used as a covariate (together with age, education and gender) for further statistics. Finally, the analysis of the delta band was restricted to 2-4 Hz for homogeneity with previously quoted field literature (Babiloni et al., 2004 (Babiloni et al., , 2006a (Babiloni et al., ,b,c,d,e,f, 2007a (Babiloni et al., ,b,c, 2008 and to avoid the residual effects of uncontrolled head movements -provoking artifacts in the lower delta band -especially in the mild AD subjects.
Cortical source analysis of the EEG rhythms by LORETA
Low-resolution electromagnetic source tomography (LORETA) was used for the EEG source analysis as provided at http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm (Pascual-Marqui and Michel, 1994; Pascual-Marqui et al., 1999 . LORETA is a functional imaging technique belonging to a family of linear inverse solution procedures modeling 3D distributions of EEG sources (Pascual-Marqui et al., 2002) . With respect to the dipole modeling of cortical sources, no a priori decision of the dipole position is required by the investigators in LORETA estimation. In a previous review paper, it has been shown that it was quite efficient when compared to other linear inverse algorithms like minimum norm solution, weighted minimum norm solution or weighted resolution optimization (Pascual-Marqui et al., 1999; Phillips et al., 2002; Yao and He, 2001 ). Finally, LORETA has been successfully used in recent EEG studies on pathological brain aging Babiloni et al., 2004 Babiloni et al., , 2006a Babiloni et al., ,b,c,d,e,f, 2007a Babiloni et al., ,b,c, 2008 .
LORETA computes 3D linear solutions (LORETA solutions) for the EEG inverse problem within a 3-shell spherical head model including scalp, skull, and brain compartments. The brain compartment is restricted to the cortical gray matter/hippocampus of a head model co-registered to the Talairach probability brain atlas and digitized at the Brain Imaging Center of the Montreal Neurological Institute (Talairach and Tournoux, 1988) . This compartment includes 2394 voxels (7 mm resolution), each voxel containing an equivalent current dipole.
LORETA can be used from EEG data collected by low spatial sampling of 10-20 system (19 electrodes) when cortical sources are estimated from resting EEG rhythms (Anderer et al., 2003 (Anderer et al., , 2004 Babiloni et al., 2004 Babiloni et al., , 2006a Babiloni et al., ,b,c,d,e,f, 2007a Babiloni et al., ,b,c, 2008 Laufer and Pratt, 2003; Mulert et al., 2001) . LORETA solutions consisted of voxel z-current density values able to predict EEG spectral power density at scalp electrodes, being a reference-free method of EEG analysis, in that one obtains the same LORETA source distribution for EEG data referenced to any reference electrode including common average. A normalization of the data was obtained by normalizing the LORETA current density at each voxel with the power density averaged across all frequencies (0.5-45 Hz) and across all 2394 voxels of the brain volume. After the normalization, the solutions lost the original physical dimension and were represented by an arbitrary unit scale. The general procedure fitted the LORETA solutions in a Gaussian distribution and reduced inter-subject variability (Nuwer, 1988; Leuchter et al., 1993) .
Solutions of the EEG inverse problem are under-determined and ill-conditioned when the number of spatial samples (electrodes) is lower than that of the unknown samples (current density at each voxel). To account for that, the cortical LORETA solutions predicting scalp EEG spectral power density were regularized to estimate distributed rather than punctual EEG source patterns (PascualMarqui et al., 1999 (PascualMarqui et al., , 2002 . In line with the low spatial resolution of the adopted technique, home-made MATLAB software averaged the amplitude of LORETA solutions for all voxels belonging to each macroregion of interest such as frontal, central, parietal, occipital, and temporal. Each of these macroregions of interest (ROIs) was constituted by all the voxels of the Brodmann areas listed in Table  3 . The belonging of a LORETA voxel to a Brodmann area was defined by original LORETA package.
Finally, the main advantage of the regional analysis of LORETA solutions -using an explicit source model coregistered into Talairach space -was that our modeling could disentangle rhythms of contiguous cortical areas (namely those from the occipital source were disentangled with respect to those of the contiguous parietal and temporal sources, etc).
Statistical analysis of the LORETA solutions
Statistical comparisons were performed by ANOVA. Mauchley's test evaluated the sphericity assumption and the correction of the degrees of freedom was made by Greenhouse-Geisser procedure. Duncan test was used for post-hoc test comparisons (p < 0.05). In particular, the following three ANOVAs were performed.
A first ANOVA (EEG data) verified the control hypothesis, namely the sensitivity of the present LORETA approach. To this aim, the regional normalized LORETA solutions from the Nold and AD subjects at Recording I were used as an input for an ANO-VA. Subjects' age, education, gender and IAF peak served as covariates. The ANOVA used the factors Group (Nold, mild AD; independent variable), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and ROI (central, frontal, parietal, occipital, and temporal). The control hypothesis was that the cortical sources of resting EEG rhythms are abnormal in the present AD patients. Specifically, it would be confirmed by the following two statistical results: (i) a statistical ANOVA effect including the factor Group (p < 0.05) and (ii) a post-hoc test indicating statistically significant differences of the (LORETA) EEG sources with the patterns Nold > -mild AD or Nold < mild AD (Duncan test, p < 0.05).
A second ANOVA design (MMSE data) tested the effects of the ibuprofen treatment on the global cognitive function ad revealed by MMSE score (i.e. the existence of MMSE differences across 1 year between the AD IBUPROFEN and AD PLACEBO groups). Since the population of AD patients was relatively small for a clinical evaluation of the ibuprofen therapy, we simplified the ANOVA design using the difference between I MMSE and II MMSE (II MMSE minus I MMSE) as a dependent variable. The ANOVA factor was Group (AD IBUPROFEN, AD PLACEBO).
A third ANOVA design (EEG data) tested the working hypothesis, namely the effects of long-term ibuprofen treatment on the cortical sources of resting EEG rhythms (i.e. the existence of EEG differences across one year between the AD IBUPROFEN and AD PLACEBO groups). To simplify the ANOVA design, the ANOVA dependent variable was the difference of the regional normalized LORETA solutions in the Recording II and Recording I. The ANOVA factors were Group (AD IBUPROFEN, AD PLACEBO; independent variable), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and ROI (central, frontal, parietal, occipital, and temporal). The working hypothesis would be confirmed by the following two statistical results: (i) a statistical ANOVA effect including the factor Group (p < 0.05) and (ii) a posthoc test indicating statistically significant differences of the (LORE-TA) EEG sources with the patterns AD IBUPROFEN > AD PLACEBO or AD IBUPROFEN < AD PLACEBO (Duncan test, p < 0.05).
Results
Cortical sources of EEG rhythms as estimated by LORETA
For illustrative purposes, Fig. 1 maps the grand average of the LORETA solutions (i.e. relative current density at cortical voxels) modeling cortical sources of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the Nold and mild AD groups. The Nold group presented alpha 1 sources with the maximal values of amplitude distributed in parietal and occipital regions. Delta, theta, and alpha 2 sources had moderate amplitude values when compared to alpha 1 sources. Furthermore, beta 1 and beta 2 sources were characterized by lowest amplitude values. Compared to the Nold group, the mild AD group showed a decrease in amplitude of the parietal, occipital, and temporal alpha 1 and alpha 2 sources. Furthermore, the mild AD group showed an amplitude increase of widespread delta sources.
For illustrative purpose, Fig. 2 maps the grand average of the LORETA solutions (i.e. relative current density at cortical voxels) modeling cortical sources of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the AD IBUPROFEN and AD PLACEBO groups at the Recording I and Recording II. At the Recording I, the two groups showed no clear difference in the LORETA solutions. At the Recording II, there was greater magnitude of widespread delta sources in the AD PLACEBO group than in the AD IBUPROFEN group.
Statistical comparisons
The ANOVA for the evaluation of the control hypothesis on the LORETA solutions showed a statistically significant interaction (F(20, 900) = 1.98; MSe = 0.6; p < 0.006) among the factors Group (Nold and mild AD), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and ROI (central, frontal, parietal, occipital, and temporal). Fig. 3 shows the mean regional normalized LORETA solutions relative to this statistical ANOVA interaction. In the figure, the regional normalized LORETA solutions had the shape of EEG relative power spectra. Notably, profile and magnitude of these spectra in the Nold and mild AD groups differed across diverse cortical macro-regions, thus supporting the idea that scalp EEG rhythms are generated by a distributed pattern of cortical sources. The Duncan planned post-hoc testing showed that: (i) the source pattern Nold < mild AD was fitted by frontal delta sources (p < 0.03); (ii) the source pattern Nold > mild AD was fitted by parietal, occipital, temporal alpha 1, and occipital alpha 2 sources (p < 0.004 to 0.000003). These results demonstrated the sensitivity of the present LORETA approach, namely the existence of significant EEG source differences between the Nold and mild AD groups.
The ANOVA for the evaluation of the long-term ibuprofen effects on MMSE score showed no statistically significant difference between the AD IBUPROFEN and AD PLACEBO groups (p > 0.1), possibly due to the small AD populations used for this EEG study.
The ANOVA for the evaluation of the effects of ibuprofen treatment on cortical sources of EEG rhythms pointed to a statistically significant interaction (F(5, 105) = 2.22; MSe = 1.9; p < 0.05) between the factors Group (AD PLACEBO and AD IBUPROFEN) and Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2). Fig. 4 shows the mean difference of regional normalized LORETA solutions between the Recording II and Recording I relative to this statistical ANOVA interaction. The Duncan planned post-hoc testing showed that the source pattern AD PLACEBO > AD IBUPROFEN was fitted by delta sources (p < 0.01). In Fig. 5 , a scatterplot illustrates the difference of the delta power between the Recording II and Recording I for the patients of the AD PLACEBO group and for the patients of the AD IBUPROFEN group. This scatterplot shows that the majority Table 3 Brodmann areas included in the cortical regions of interest (ROIs) of the present study. LORETA solutions were collapsed in frontal, central, parietal, occipital, and temporal ROIs. , 9, 10, 11, 44, 45, 46, 47 Central 1, 2, 3, 4, 6 Parietal 5, 7, 30, 39, 40, 43 Temporal 20, 21, 22, 37, 38, 41, 42 Occipital 17, 18, 19 Fig. 1. Grand average of the LORETA solutions (i.e. normalized relative current density at the cortical voxels) modeling cortical sources of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the Nold and mild AD subjects. In this control analysis, the AD group included the AD IBUPROFEN and AD PLACEBO subjects as a single group. The left side of the maps (top view) corresponds to the left hemisphere. Legend: LORETA, low-resolution brain electromagnetic tomography. Color scale: all power estimates were scaled based on the averaged maximum value (i.e. alpha 1 power value of occipital region in the Nold subjects). The maximal value of the LORETA solution is reported under each column. Fig. 2 . Grand average of the LORETA solutions (i.e. normalized relative current density at the cortical voxels) modeling cortical sources of delta, theta, alpha 1, alpha 2, beta 1, and beta 2 rhythms in the AD IBUPROFEN and AD PLACEBO groups during the Recording I (before the therapy or placebo) and Recording II (after about 1 year of the therapy or placebo). The left side of the maps (top view) corresponds to the left hemisphere. Color scale: all power estimates were scaled based on the averaged maximum value (i.e. alpha 1 power value of occipital region during Recording I). The maximal value of power is reported under each column.
LORETA Brodmann areas into the regions of interest (ROIs)
of the AD PLACEBO patients presented positive values indicating that the delta power increased from the Recording I to the Recording II. In contrast, the majority of the AD PLACEBO patients presented near zero or negative values indicating that the delta power remained stable or decreased from the Recording I to the Recording II. To test the functional meaning of these results, a correlation analysis was performed between the difference of the values of MMSE (i.e. global cognitive function) or CDR (i.e. global clinical status) and the difference of the delta power between the Recording II and Recording I for all AD patients as a whole group. The results showed a statistically significant correlation only between the difference of the values of CDR (i.e. global clinical status) and the difference of the delta power between the Recording II and Recording I for all AD patients as a whole group (Spearman test, p < 0.025, corrected for two analyses; see Fig. 6 ). The higher the positive values of the delta power difference (i.e. the increase of the delta power from the Recording I to the Recording II) the lower the values of the CDR difference (i.e. the decrease of the CDR from the Recording I to the Recording II). These results confirmed the working hypothesis, namely the existence of differences in cortical sources of EEG rhythms across one year between the AD PLACEBO and AD IBUPROFEN groups, as a possible reflection of the neuroprotective action of the anti-inflammatory therapy. Specifically, one year after the beginning of the ibuprofen treatment, the amplitude of delta sources increased in the AD PLACEBO group, whereas it remained stable in the AD IBUPROFEN group.
Control analyses
As reported above, the long-term ibuprofen treatment did not affect global cognitive function as revealed by MMSE score. A first control analysis evaluated the effects of the ibuprofen treatment on another typical index of global cognitive function in elderly subjects, namely the total score of Alzheimer Disease Assessment Scale-cognitive (ADAS-cog Italian version, Fioravanti et al., 1994) . Indeed, the total score of ADAS-cog is a typical endpoint of clinical trials on AD, since it probes the global severity of cognitive symptoms in AD (for review see : Birks, 2006; Birks and Flicker, 2006; Harrison, 2007; Wesnes, 2008) . The Italian version of ADAS-cog consists of 11 tasks measuring the impairment of memory, language, praxis, attention and other abilities that are often referred to as the core cognitive symptoms of AD (Fioravanti et al., 1994; Barone et al., 2008; Rozzini et al., 2008) . To assess the effects of the ibuprofen treatment on ADAS-cog, we performed a ANOVA testing the difference of ADAS-cog total score across 1 year between the AD IBUPROFEN and AD PLACEBO groups. The difference of the total score between the baseline ADAS-cog and follow up Fig. 3 . Regional normalized LORETA solutions (means ± standard error, SE) relative to a statistical ANOVA interaction among the factors Group (Nold, mild AD), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2), and ROI (frontal, central, parietal, occipital, and temporal). This ANOVA design used the regional normalized LORETA solutions as a dependent variable. Subjects' age, education, gender, and individual alpha frequency peak (IAF) were used as covariates. Regional normalized LORETA solutions modeled the EEG relative power spectra as revealed by a sort of ''virtual" intracranial macro-electrodes located on the macrocortical regions of interest. Legend: The rectangles indicate the cortical regions and frequency bands in which LORETA solutions presented statistically significant LORETA patterns Nold -mild AD (p < 0.05). Fig. 4 . Normalized LORETA solutions (means ± standard error, SE) relative to a statistical ANOVA interaction among the factors Group (AD PLACEBO, AD IBUPRO-FEN), and Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2). This ANOVA design used the differences of the regional normalized LORETA solutions between recordings I and II (Recording II minus Recording I) as a dependent variable. Subjects' age, education, gender, and individual alpha frequency peak (IAF) were used as covariates. Legend: The rectangles indicate the frequency bands in which LORETA solutions presented statistically significant LORETA patterns AD PLACEBO -AD IBUPROFEN (p < 0.05). ADAS-cog (II ADAS-cog minus I ADAS-cog) was used as a dependent variable, whereas the ANOVA factor was Group (AD IBUPRO-FEN, AD PLACEBO). This ANOVA design showed no statistically significant difference between the AD IBUPROFEN and AD PLACEBO groups (p > 0.5). These results confirm those obtained using MMSE score, namely 1-year ibuprofen treatment did not affect global cognitive function in our group of AD patients. Unlikely, we could have access only to the total score of ADAS-cog but not to the values of the single tests.
Main results showed that cortical sources of delta rhythms increased in magnitude from the baseline (Recording I) to followup (Recording II) in the majority of the AD PLACEBO patients, whereas those sources remained stable or decreased in amplitude from the baseline (Recording I) to follow-up (Recording II) in the majority of the AD IBUPROFEN patients. One may argue that these results were merely due to the use of the difference of the regional normalized LORETA solutions in the Recording II and Recording I as a dependent variable. To address this issue, the regional normalized delta LORETA solution was used as a dependent variable for a control ANOVA. The ANOVA factors were Group (AD IBUPROFEN, AD PLACEBO; independent variable), Recording (Recording I, Recording II), Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2), and ROI (central, frontal, parietal, occipital, and temporal). Subjects' age, education, gender, and IAF were used as covariates. The ANOVA showed a statistically significant interaction (F(5, 105) = 2.6; MSe = 0.6; p < 0.05) among the factors Group, Recording, Band, and ROI (see Fig. 7 ). The Duncan planned posthoc testing showed that the amplitude of the cortical delta sources was stronger at the Recording II than Recording I in the AD PLA-CEBO group (p < 0.007). On the contrary, the amplitude of the delta sources did not differ at the Recording I and Recording II in the AD IBUPROFEN group (p > 0.3). These results confirmed that at the 1-year follow-up, the amplitude of the cortical delta sources increased in the AD PLACEBO group but not in the AD IBUPROFEN group.
To further exclude that baseline delta sources in the AD IBU-PROFEN and AD PLACEBO groups affected the main results of the present study, the regional normalized delta LORETA solutions from the AD PLACEBO and AD IBUPROFEN subjects at Recording I were used as an input for a control ANOVA. Subjects' age, education, gender and IAF peak served as covariates. The ANOVA factors were Group (AD IBUPROFEN, AD PLACEBO; independent variable) and ROI (central, frontal, parietal, occipital, and temporal) . The AN-OVA showed neither a main effect of the factor Group (p > 0.7) nor a statistical interaction between Group and ROI (p > 0.3). These results showed that the cortical sources of delta EEG rhythms at baseline were substantially similar in the AD PLACEBO and AD IBU-PROFEN groups and cannot account for the main results of this study. Moreover, we repeated the main ANOVA using baseline delta sources as an additional covariate. As in the main ANOVA, the control ANOVA showed a statistically significant interaction (p < 0.05) between the factors Group (AD PLACEBO and AD IBU-PROFEN) and Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2). The Duncan planned post-hoc testing showed that the source pattern AD PLACEBO > AD IBUPROFEN was fitted by delta sources (p < 0.01). Therefore, these results showed that the delta source differences across 1;year between the AD IBUPROFEN and AD PLA-CEBO groups were not affected by the amplitude of delta sources at baseline in the two groups.
Discussion
In the preliminary control analysis, the present mild AD subjects were considered as a single AD group, to compare cortical sources of resting EEG rhythms (LORETA solutions; I Recordings) with those of the Nold group. With reference to the Nold group, the mild AD group was characterized by (i) a marked amplitude decrease of the alpha 1 sources in parietal, occipital, and temporal areas; (ii) an amplitude decrease of the occipital alpha 2 sources; and (iii) an amplitude increase of the frontal delta sources. These control results are globally in line with previous evidence showing a decrement of alpha rhythms in AD compared to Nold subjects (Dierks et al., 1993 Jelic et al., 1996 Jelic et al., , 2000 Rodriguez et al., 1999; Huang et al., 2000; Babiloni et al., 2006a Babiloni et al., ,b,c,d,e,f, 2007a Babiloni et al., ,b,c, 2008 , and an enhancement of the delta rhythms in AD compared to Nold subjects (bibgrp1; Jelic et al., 2000; Wolf et al., 2003; Babiloni et al., 2004 , 2006a ,b,c,d,e,f, Babiloni et al., 2007a ,b,c, 2008 .
The main analysis of the present study demonstrated a relationship between long-term ibuprofen treatment and cortical sources of resting EEG rhythms in mild AD patients. It was shown that cortical sources of delta rhythms globally increased in amplitude after the placebo treatment, as a sign of disease progression. On the contrary, the amplitude of cortical delta sources remained stable or . Normalized LORETA solutions (means ± standard error, SE) relative to a statistical ANOVA interaction among the factors Group (AD PLACEBO and AD IBUPROFEN), Recording (Recording I and Recording II), and Band (delta, theta, alpha 1, alpha 2, beta 1, and beta 2). This ANOVA design used the regional normalized LORETA solutions as a dependent variable. Subjects' age, education, gender, and individual alpha frequency peak (IAF) were used as covariates. Legend: The rectangles indicate the frequency bands in which LORETA solutions presented statistically significant LORETA patterns Recording I -Recording II (p < 0.05).
decreased in the majority of the AD patients after the ibuprofen treatment. These results suggest an effect of the ibuprofen therapy on the generation of pathological cortical delta rhythms at the resting state, which might unveil one of the physiological action mechanisms of NSAIDs in AD. However, the present results should be treated with some caution due to the small amount of enrolled AD patients (N = 23). Furthermore, it cannot be entirely excluded that at the follow-up, cortical delta rhythms of some AD IBUPRO-FEN patients remained substantially stable for other reasons than the ibuprofen treatment.
Why did long-term ibuprofen treatment affect cortical sources of delta rhythms in mild AD patients? It can be speculated that the physiological mechanism is related to the neuroprotective role of NSAIDs such as ibuprofen on the risk of developing (Andersen et al., 1995; Anthony et al., 2000; Broe et al., 2000; Stewart et al., 1997; In 't Veld et al., 1998; Zandi et al., 2002) . This role might be due to antiamyloidogenic effects of a therapy contrasting chronic inflammatory and immunity cascades in structures of central nervous system prone to neurodegeneration provoked by environmental neurotoxins, abnormal/incomplete development of myelination, and/or low levels of neurotrophic factors at cholinergic hippocampal and cortical pathways (Lim et al., 2000; Weggen et al., 2001; Sarter and Bruno, 2002) . Such neuroprotection of ibuprofen might indirectly influence thalamocortical and cortico-cortical (mainly cholinergic) systems that produce delta rhythms (Sarter and Bruno, 2002; Kobayashi and Tadashi, 2002) . In the condition of slow-wave sleep, corticofugal slow oscillations (<1 Hz) are effective in grouping thalamic-generated delta rhythms (1-4 Hz; Steriade, 2003) . In the condition of brain arousal, delta rhythms are blocked by the inhibition of oscillators within, respectively, reticulothalamic (7-14 Hz), thalamo-cortical (1-4 Hz), and intracortical (<1 Hz) neuronal circuits. Delta rhythms are replaced by fast (beta and gamma) cortical oscillations, which are mainly induced by cholinergic basal forebrain inputs to hippocampus and cortex as well as by thalamocortical projections (Steriade, 2003; Steriade et al., 1996) .
Keeping in mind the mentioned theoretical framework, it can be speculated that a long-term ibuprofen treatment slightly slows down the AD neurodegenerative processes revealed by the increase of cortical delta rhythms. In AD patients, such an increase might be associated with a loss of cholinergic basal forebrain neurons projecting to hippocampus and fronto-parietal connections (Helkala et al., 1996; Holschneider et al., 1999; Mesulam et al., 2004) , rather than with a loss of cholinergic brainstem neurons projecting to thalamus (Mash et al., 1985; Geula and Mesulam, 1989; Geula and Mesulam, 1996; Geula et al., 1999; Tanaka et al., 2003; Mesulam et al., 2004) . The cholinergic basal forebrain neurons would be the main responsible together with serotoninergic neurons of the replacement of delta rhythms by fast EEG rhythms during wakefulness (Dringenberg, 2000; Dringenberg et al., 2002) . The present results are also compatible with the enhancement of resting delta rhythms due to wide atrophy in mesial-temporal, posterior, and/or frontal areas of AD patients (Fernandez et al., 2003; Babiloni et al., 2006e) as well as to experimental lesions of basal forebrain in animals (Stewart et al., 1984; Buzsaki et al., 1988; Ray and Jackson, 1991) . However, resting delta rhythms can be also pathologically enhanced by non-AD lesions of thalamus and brainstem provoked by cerebral vascular, traumatic, and tumor processes (Gloor et al., 1977; Harmony et al., 1993; Murri et al., 1998; deJongh et al., 2003; Hensel et al., 2004) .
The present results showed a dissociation between the effects of the ibuprofen treatment on the global clinical and cognitive conditions. Indeed, the amplitude of cortical delta rhythms from the baseline to the 1-year follow-up was related to the global clinical status as probed by CDR score but to the global cognitive function as probed by MMSE and ADAS-cog. The higher the positive values of the delta power difference (i.e. the increase of the delta power from the baseline to the follow up), the lower the values of the CDR difference (i.e. the decrease of the CDR from the baseline to the follow up). An open question is why the long-term ibuprofen treatment did not affect global cognitive function. The number of the enrolled AD patients (N = 23) could be insufficient to investigate the complex relationships among resting delta rhythms, neurodegenerative processes, and higher order functions. Furthermore, both MMSE and ADAS-cog probe subjects' global cognitive skills but they do not allow probing single dimensions of higher order functions. Neuropsychological effects of the ibuprofen treatment might regard single cognitive functions or patients' subpopulations suffering from peculiar chronic inflammation at central nervous system. An alternative tentative explanation is the ibuprofen treatment might require longer time of administration to produce effects on cognitive functions (Anthony et al., 2000; Broe et al., 2000; Stewart et al., 1997; Zandi et al., 2002) . To address these issues, future investigations might include (i) the prolongation of the ibuprofen treatment to 2 years in a large amount of patients and (ii) the evaluation of single cognitive tests exploring attention, spatial abilities, executive functions, and episodic memory in both baseline and follow-up.
In conclusion, we evaluated the hypothesis that long-term (1 year) ibuprofen treatment affects cortical sources of EEG rhythms in mild AD patients. Results showed that, in the AD PLA-CEBO group, cortical sources of delta rhythms was greater in magnitude at follow-up than baseline recordings, as a sign of disease progression. On the contrary, the amplitude of delta sources remained stable in the AD IBUPROFEN group. These results suggest that in mild AD patients, a long-term ibuprofen treatment slightly slows down the neurodegenerative processes revealed by cortical sources of delta rhythms. They also motivate future investigations with larger population and extended neuropsychological testing, to study the fine relationships among ibuprofen treatment, AD neurodegenerative processes, cortical sources of delta rhythms, higher order functions, and clinical picture.
